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Introduction
At metal/germanium (Ge) interfaces, the strong Fermi level pinning (FLP) at the valence band edge of Ge is observed. [1, 2] . Furthermore, we successfully demonstrated that both the effective charge neutrality level (CNL) determined experimentally and the pinning parameter (S parameter) can be modulated by forming metal/ultra-thin oxide (UTO)/Ge junctions to weaken the electronic interaction between metal and Ge. Recently, this effect using different kinds of UTO and ultra-thin nitride (UTN) has also been reported by several groups [3] [4] [5] . The mechanism of FLP modulation, however, is still unclear. On the other hand, electrical and structural passivation for Ge(100) surface by Sulfur (S) bridging has been well known [6] . In this work, we report effects of Ge-sulfide on Ge tunnel junction characteristics, and discuss effects of the insulator between metal and Ge, particularly paying attention to anion side of Ge compounds instead of using several different oxides.
Experimental
We put Ge substrate and solid S (99.9999%) in Pyrex ampule vacuumed to 10 -2 Pa or sealed furnace. Around 250-500 o C, sulfur was vaporized and ultra-thin sulfide (UTS) was formed on Ge (Fig. 1) . Thick Ge sulfide was also prepared for Ge MIS characterization. The composition and structure of UTS on Ge were analyzed by X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy. The film thickness was determined by grazing incidence X-ray reflectivity (GIXR) and XPS measurements. Several kinds of metals were thermally evaporated on UTS/Ge for estimating the Schottky barrier height (SBH) values. Effects of UTO and UTN on junction characteristics are compared to that of UTS.
Results and Discussion
Fig. 2(a) shows typical XPS spectra, where Ge, S and oxygen (O) are detected. Fig. 2(b) shows Raman spectrum of sulfided Ge. The main peak of 341cm -1 in Raman shift can be assigned to Ge-S-Ge bonding [7] , whereas no Ge-O-Ge bonding peaks were observed. In addition, no XRD peaks except Ge substrates were observed. Thus, UTS on Ge is dominantly expected to be amorphous GeS 2 .
Although a slight modulation of I-V characteristics for a given metal was observed by inserting UTS at metal/Ge junction, we have never obtained ohmic characteristics on n-Ge even for low work function metals. This is quite different from GeO 2 and Ge 3 N 4 cases [3] . SBH values in M/UTS/n-Ge junctions estimated from the saturation current of I-V characteristics are shown in Fig. 3 . Although UTS formed Ge interface might be relaxed by S-passivation, it shows that FLP at M/UTS/Ge is stronger than those at M/UTO/Ge and at M/UTN/Ge junctions, which implies that the FLP alleviation by inserting ultra-thin insulator (UTI) is not simply explained by relaxation of Ge bonds close to the interface. Whereas, excellent C-V characteristics in Al/5nm-thick-GeS 2 /n-Ge MIS capacitor are shown with negligible hysteresis and small frequency dispersion in Fig. 4(a) . Interface states density (D it ) at 0.1eV from the valence band edge was estimated to be 6 x10 11 /cm 2 /eV in p-Ge MIS capacitor by the low temperature conductance method (Fig. 4(b) ). In addition, the fact that metal/GeO 2 /Ge MOS capacitor also shows excellent characteristics with low D it [8] implies that the FLP in M/Ge junctions may not be caused by the Ge interface defects, because both M/UTS/Ge and M/UTO/Ge junctions still indicate strong FLP.
Furthermore, effective CNL, which is determined as a cross-point between the Schottky limit and experimentally obtained lines in Fig. 2 , is shifted in the case of Ge 3 N 4 . As we already reported, the FLP strength (S-parameter) was gradually weakened (increased) with the increase of UTO thickness in M/UTO/Ge junctions [9] . Although it is suspected that UTI has a role of weakening the interaction between metal and Ge, the effective CNL shift observed on Ge 3 N 4 is not explained only by alleviation of single FLP mechanism. Namely, there are two FLP mechanisms at metal/UTI/Ge junction at least, and dominant FLP mechanism at the interface gradually shifts from one to the other. While it is expected that the electronic structure of UTI affects an efficiency of the FLP alleviation between metal and Ge. Considering the facts that the band-gap of the present GeS 2 of 3.2 eV determined by the spectroscopic ellipsometry is smaller than that of bulk GeO 2 (6.0 eV) [10] and bulk Ge 3 N 4 (4.4 eV) [11] , the electrical interaction between metal and Ge might be involved in tunneling process.
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Conclusion Conclusion
The SBH shifts on Ge have been systematically investigated by changing UTI between metal and Ge focusing on the anion of insulating Ge compounds. The results suggest that there are two mechanisms determining SBH on Ge at least. One is FLP inherent in the metal/Ge interface which is weakened by UTI. The other depends upon the UTI properties, for example, effective CNL shift observed at UTN inserted M/Ge diodes.
3 N 4 is not explained only by alleviation of single FLP mechanism. Namely, there are two FLP mechanisms at metal/UTI/Ge junction at least, and dominant FLP mechanism at the interface gradually shifts from one to the other. While it is expected that the electronic structure of UTI affects an efficiency of the FLP alleviation between metal and Ge. Considering the facts that the band-gap of the present GeS 2 of 3.2 eV determined by the spectroscopic ellipsometry is smaller than that of bulk GeO 2 (6.0 eV) [10] and bulk Ge 3 N 4 (4.4 eV) [11] , the electrical interaction between metal and Ge might be involved in tunneling process. . From the slope, pinning strength (S factor) can be estimated. In the case of GeS 2 , FLP alleviation is more slight (S factor: ~0.05) even though thicker film is inserted. It is expected that the difference derives from the quality of insulator or bulk film characteristics itself. 
